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rradiation of the oxide oowders bearing /51Co CO)” suspended in -téSwH soluticrs
results in the release of the -—Co(CS)Z into solution as Et§S1Co CO) concurrent
w1th the regeneration of surface -S H functionality. Irradiation of the powdersi
¢ iCo{£0)}; in the presence of l-pentene sields Co{CD) {}:n soluticn and

In the presence of _t§=1H/1 pentene photo-

|
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Surface -S1(pentenyl) groups .
activated catalysis by the derivatized powders (-—S1Co(C0)") occurs to give
isomerization of the alkene, hydrosilation to aqive Et351 n-pentjl), and small
amounts of n-pentane. Reaction under %2 imnroves the relative yield of n- pentaneJ
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surface.f;SiH groups alsc add to l-pentene to give powders bearing i
The use of powders functionalized with |
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ignificantly and includes at least two isomers of

Jroduct dist ution differses

Et3Si(penteny1). In all cases the bdulk of the catalvsis appears to result

from Co-carpbonyl fragments photoreleased from the oxide support. The initial

rate of catalysis appears to depend on the initial rate at which the fragments

The heterogeneous photocatalysts thus

give the same product distribution as appropriate homogeneous precursors, but
. ~..

the oxide supported :;S1Co(CO)4

durable than RgSiCo(CO)4

are released into homogeneous solution.

is more easily isolated and handled and more
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Abstract: Inorganic oxide surfaces, 5102 and A1203, bearing —0H functionality have oeen
functionalized with -Co(CO)4 by first treaing the sclids with (EtC)SSﬂ-!. Me‘CTSiH, orCTSSiH

to introduce E}Sﬂ%functionality followed by reaction with CoZ(CO)g.

Derivatized surfaces have been characterized by infrared spectroscopy

and compared to solution analogues to confirm the presence of :=SiH and

fESiCo(CO)4 groups on the surface. The surface-confined EESiCo(CO)4

undergoes photoreactions that begin with loss of CO subseguent to optical
excitation in the near-ultraviolet. The photechemistry closeiy parallels

the behavior of solution R3SiCo(C0)4 analogues; CO can be photosubstituted

by P(OPh)3 and the surface-confined:ESiCo(CO)3(P(OPh)3) species is detectable

by infrared spectroscopy. Irradiation of the oxide powders bearing

EESiCo(CO)4 suspended in Et3SiH solutions results in the release of the

—,—Co(CO)4 into solution as Et3SiCo(CO)4 concurrent with the regeneration

of surface ;ESiH functionality. Irradiation of the powders (;ESiCo(CO)4)

in the presence of l-pentene yields Co4(co)]2 in solution and surface
EESi(penteny]) groups. In the presence of Et3SiH/1—pentene photoactivated
catalysis by the derivatized powders (fESiCo(CO)4) occurs to give isomerization
of the alkene, hydrosilation to give Et3Si(g-penty1), and small amounts of
n-pentane. Reaction under H2 improves the relative yield of n-pentane,
while HZ/CO mixtures yield no hydroformylation products and Tower the
observed rate due to CO competing for the coordinatively unsaturated
species. The surface EESiH groups also add to l-pentene to give powders
bearing EESi(gfpentyl) functionality. The use of powders functionalized
with EESiCo(C0)3(P(0Ph)3)also gives catalysis upon photoexcitation, but
the product distribution differs significantly and includes at least two
isomers of Et3Si(penteny1). In all cases the bulk of the catalysis
appears to result from Co-carbonyl fragments photoreleased from the oxide
support. The initial rate of catalysis appears to depend on the initial
rate at which the fragments are released into homogeneous solution. The
heterogeneous photocatalysts thus give the same product distribution as’
appropriate homogeneous precursors, but the oxide supported E;SiCo(CO)4
is more easily isolated and handled ard more durabie than R3SiCo(C0)4.




Chemistry of surfaces modified with molecular reagents may have use
in stoichiometric and catalytic syntheses, in adhesion and other surface
physical tailoring, in analysis and separations, and in chemical energy
t:cmvev‘sian.]'1o Successful application of molecular modification depends
on characterization of both the structure and reactivity of the surface-confined
species. One aim of research in .this laboratory has been to initiate
catalysis by optical excitation of thermally inert, surface-confined
organometallic reagents. Thermmally inert, surface-confined -Fe(CO)n
reagents have been demonstrated to be photochemical precursors to catalysts

for olefin isomerization and hydrosﬂation.n

The anchoring surface for
the -Fe(CO)n was a phosphinated polystyrene po]ymer,(::>-, where

the organic polymer can be regarded as an insoluble, though solvent
swellable, triarylphosphine ligand. For the (::)—-Fe(co)n system we found
that the Fe-P anchor bond is sufficiently photoinert that olefin
isomerization could be concluded to occur when the Fe-P bond is still
intact. However, the polymer appeared to be sufficiently flexible that
photogenerated coordinative unsaturation does not persist for extended
periods. Further, it is likely that the <::>-—— system would be reactive to
extensively coordinatively unsaturated Fe(0) species. Consequently, we
have now turned attention to inorganic oxides as surfaces to which

photochemical catalyst precursors can be attached. Inorganic oxides

such as 5102 and A1203 should be inert, can be functionalized, and are

transparent to ultraviolet and visible light over a wider range than for
the @- system.

The system described in this article is the surface-confined
N N . . .
=51C0(C0)4. ($)=51Co(C0) 4, where the (S)~ is A1,05 or S107 The photochenistry
and photocatalytic activity of R3S1'C0(C0)4 (R = Et, Ph) have recently been

\

desc:r‘ibed.]2 The (Ei):;SiCo(CO)4 materials are air stable at 25°C for
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prolonged pericds in contrast to Et3SiCo(CO)4, but the <§:};§1C0(CO)4 is
very pnotosensitive. The photoactivity can be used to release catalyticaliy
active species into solution, but the primary photoprocess is CC release,
not Co-Si bond cleavage. A preliminary communication has established that
photochemical Si-Co bond cleavage does not occur; irradiation under 1'3(:0
yields(::)QESiCo(CO)n(13C0)4_n, not the release of Co(CO)4 to form
Con(€0) (1 3c0)g .3

Studies of the surfaces of insulating metal oxides are not easily probed
by surface sensitive electror spectroscopies. tle have made use of Fourier
transform transmission infrared to characterize the surfaces functionalized
with EESiH and EESiCo(C0)4. This technique affords a molecular specific
probe of structure and allows monitoring of the dilute catalytic sites of
interest. As shown below, the surfaces of A1203 and 5102 that we have used
for photocatalysis have many surface functionalities present. As in
solution, we exploit the fact that a chromophore, jEESiCO(C0)4, present in
dilute amounts can be selectively activated by light. This represents
one of the major advantages for optical vs. thermal activation of catalysis;
in principle, the activation energy can be deposited selectively into the sites

that are active.




Txpnerirental

Phvsical Measurements arc Araivsis.  Infrared snectra of surfaces were taken as @r

cellets - 10% AI:OE ar SiCz} on a Perkin-Elmer Model 180 discersion or a
Nicelet 7199 Fourier transfcrm spectrometer. Solutions were analyzed in
matched 1.0 mm or 0.1 mm pathlength sealed NaCl cells. Electronic spectra

of solutions were obtained on a Cary 17 uv-vis-nir spectrophotcmeter in 1.0C cm
qguartz or 100 cmPyrex cells. Gas chromatographic analyses were performed on

a Varian Model 1440 or 2440 gas chromatograph equipped with flame ionization
detectors and interfaced with a Hewlett-Packard model 3370S recording
integrator. Hydrocarbon products were analyzed at 20°C on columns of 20%
oropylene carbonate on Chromosorb P (Johns-Manville, 1/8" x 30') against

internal standard, n-hexane. Hydrosilation products were analyzed at 60°C on

columns of 20% :,3'-oxydipronionitrile (Applied Science Laboratories, 1/8" x 30"
against an internal standard, n-decane. Authentic samples of all products were i
available for calibration of the detector response and feor retention time

comparisons.

Reaction Conditions. Al1l manipulations of 02- and HZO-sensitive materials
were performed in a Vacuum Atmospheres He-43-6 Dri-Lab glove box with an
attached HE-493 Dri-Train or in conventional Schlenk glassware under an N2
atmosphere. Samples for irradiation were freeze-pump-thaw degassed at

least 4 times in 13 mm o.d. Pyrex ampules containing 2 mm x 7 mm Teflon-coated

magnetic stirring bars, and sealed hermetically under vacuum (10'5 torr) .
Reactions under H2 were performed in 13 mm o0.d. Pyrex tubes fused to
ground-glass joints, which were connected to a source of vacuum and of Ho.

The system was flushed at least 4 times with H2 before H, gas was admitted

2
to the sample under vacuum. Irradiations were performed with a medium-pressure
Hg arc lamp (Hanovia, 450 W) fitted with a supplementary Ho0 filter to remove

infrared radiation; or at lower intensities with 2 General Electric #F15T8/BLB
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0 nm:-2 x 127° ein/min as determined by

. . 4
ferrioxalate actinometry).
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Materials. Chromatocrapnic crace Sicx'xﬁQQ .Javison Chemicai Comcany, 3C-2CC

mesh) was used as received. Chromatographic grade natural A1203 (vcelm grade I,
was activated for 24 hr at 450°C before use and stored in the dry box. High
surface area 1=Al504 (200 mz/g, Strem) was received as pellets and usea as

received or pulverized before use in scme experiments. Powcered, nizh surface area
$i0, (400 mz/g, Alfa) was usea as received. l-pentene (99%,

Phillips Chemical Company) and HSiEt3 (Petrarch) were passed through activated
A1203 prior to use and stored in amber bottlies at 4°C. Triphenylsiiane

(Petrarch) was recrystallized from n-pentane prior to use. Triethoxysilane
(Petrarch) was freeze-pump-thaw degassed upon receipt and stored in the dry dox.

CCZ(CO)B {Strem), n-nexane [ Aidrich), n-cecane (A1drich), HSiCl, (Aldricr), ard Me( SiH(Petrarchi

-

B
-~
-

were used as received. R;iCo(CQmix = It, Phj were prepared as previously describted

and stored at U°C under N7.12

-~ [l . 5 nas+ s ~ { \ 3
uO;\Lu)]Z was prepared oy neating “OZ‘CO)B in
isooctane at 80-30°C for 12 hr. The product was 7iltered off, recrystallized
from benzene/isooctane and stored at 3°C under N,. Hydrocarbon solvents were
distilled from CaH2 under Nz; THF was distilled from Na/benzophenone under Ny -

Derivatization of Oxide Supports. A typical procedure is outlined. 1.6 ml HSi(OEt)3

in 10 ml isooctane under N2 was added to 4 g of powdered A1203 in a Schlenk tube.
In some cases, 0.12 ml distilled HZO was added via

syringe. The suspension was allowed to stand & 25 uncer siow NZ purge far 12-36 hr
with periodic agitation, after which time excess solution was drained off.

In some cases, the?iSiH derivatized surface was washed with hexanes and

isolated at this stage. Under N2, a solution of 1.4 g Coz(CO)8 in 10 ml
isooctane was added by syringe. After 12 hr at 25°C under slow N2 purae with
intermittent agitation, the tube was opened in the dark. The derivatizd pavder was
washed with a copious quantity of hexanes or pentane until the rinsings were

colorless. The derivatized powder was dried under vacuum at 25°C.

AR PO N B O h BTk - L IR - en. o Bty g MR a0 MR T e
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functionaiization using Me.CISiH was carried out n 3 manner simiiar *o

that ¥or CTSSiH or +It0).SiH4 excent that 4ry 2:31 wads added. 3 %vpical crocedure

was to react 2 7 of l1003 cr 3102 with 5 m7 Me, CTSw“ and 4 m1 of th” in 20~

of isooctare “or 24 n at 20°C. The excess ‘e e,C1STH, Zt.N, 2and fsooctane were
stripped off under vacuum. The solid was washed with iscoctare leaving the
<::}-SiMe2H and the EtsN-HC1. The Et3N-FC1 was removed by washing with
CH2C12 and again with isooctane. 7o fur<her functionalize *to form
(3;)-SiMe2Co(CO)4 the<::>—-SiMe2H was reacted with excess voq\vSJQ in

isooctane under N2 for 22 h at 20°C. The solid was washed with isooctane and

dried under vacuum. V]

AN AN
The surface —SiH and —SiCc(CC), are infrared detectable, Tatle I.
7 P !
Typical analyses were performed by making measurements of <Br celiets

. ; . o 1o weight). “he let
containing (E:}j§1H and/or \E/r;81C0\CO)A (~10% by weight) ne teliets

- o s

are made in as reproducible a fashion as possible. 200 mg of c¢ry, infrared i

de KB d 20 f <§:}>s'q /T\F>§'C (CO) £3 h

r T i or (9 3 i e first ground Th
grade an mg o y; D y of g r rst arou cgether
with a mortar and pestle until a homogeneous powder results. The pellet is
then pressed in a K8r die at 20,000 psi for 5 min to yield a pellet of 1.00 cm
diameter and &6 cm thickness. Absorptivity of model compounds Ph3SiH
(”Si-H = 2118 cm'] in KBr) and Ph351'Co(CO)4 (v Veeo T = 2092, 2030. 1990 cm'1 in
KBr) was determined in KBr and reproducibility was determined to be +20%.
Errors for samples including the SiO2 or A1203 are even larger. The semi-
N\

quantitative infrared measurements show (::f;SiCo(CO)4 to be air-stable at
25°C for at least several weeks. The relative absorptivities in Table I,
relative to Ph3S1-H (v Veiy = = 2118 cm'1) are proportional to concentration and
can thus be used to determine concentrations of the C::}—S1H or <::}—S1C0(C0)

-1

The relative absorbance of 1.0 for the 2118 cm = Si-H stretch in Ph,SiH

3
corresponds to an absolute absorptivity of 1.0 0.D. units for a 2.54 £0 100 weight
ratio of Ph3S1'H to KBr in our 1.0 om diameter, 0.05 cm thick, pellets prepared as

described above. Thus, the relatiwe absorbance of 5.5 for veg© 2092 cm'] of PhBSiCdCO)a means

that the absormivity is 5.5 times that of the 2118 cm™ Si-H stratch of Ph.SiH for the same

number of moles in a given mass of @Br.




s - R

-7-

~¢c ‘nsure that <3r is not reactive wnen .sed as i sellet material
) .- o . S . .
weé nave recorded the infrared spectrum OT\ji*—°1°°‘CO}4 andi 5 —:ir in
- = ~—
“ujol mulls. The refative absarptivities are tne same as in <2r
sellets. 3Also, the infrared absorpances n <Br are proportionai %o tne

signals from Fourier transform infrared ohotcacoustic spectroscopy o7 the

! g —;SiCo(CO)a powoers.13
N
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Results ang 2iscussion

‘ . - . ) - ‘ e N
a. SurTace Terivitization and Characterization. ne synrtnesis 37 I —l7T0 DL
h—
i3 5 0 ‘w.: ] Al -5 - -~
deoends on two previcus synthetic arccedures, ecuaticns - ind 20 re ACA
/
2
. . L - .
2t2;,5iH + surface—on — surtace—o~——3i=n - lCIik e
- i
0
/
2H-—SiR3 - COZ(CO)8 —_— 2‘351C0(C0)4 + H2 2,

and $i0, gereraily have variable amourts of surface -Ck depending on prior history of the sampi
Yle have synthesized <§:}i§iCo(CO)4 by explioiting the chemistry represented by
equations (1) and (2) and have characterized the surfaces by transmission infra-
red spectroscopy. Representative infrared spectra for a typical
(E:};;1C0(CO)4,<::> = A1ZO3, synthesis are shown in Figure 1. Tre A1203
is featureless in the Si—H and C—0 stretching region. Treatrent with

i

(Et0)351H results in a prominent spectral feature at ~225C cn” A2 associate
this feature with the Si—r stretch for the surface-confined 2Ircucs. Reactien
\ ‘ .
of thef:§jr—31H powder with Co,(CO)8 results in a powder that nas infrared

/ - \
L ord with a /:\}—Sf”o(”c‘
n acc < i Ly

system. Note that while we generally find some dimunition in the absorption

absorption at ~2110, ~2050, and -2020 cm”

associated with the Si~—H stretch, it is not completely absent even after
exhaustive reaction with CoZ(CO)S. Table 1 lists infrared absorptions for

\ \
CE:};§1H; (E;}T;iCo(CO)4; and various other systems of relevance to results

described below. Included in Table I are data from experiments using C1351H

or Me,C1SiH, rather than (Et0)3SiH, to introduce EESiH functionality on the surface.

Infrared spectroscopy, Tabie I, reveals the presence, but not the
uniformity of coverage, of EES?H and i;SiCo(CO)4 on A1203 and SiOZ. The
characteristic absorption associated with the E;SiH is in the range 2134-2257 cm~
depending on the oxide (A1203 or 3102), the starting silane ((EtO)3SiH, C13SiH,
or Me2C1SiH), and the derivatization conditions (HZO added or not added). A
large range of Si-H stretching frequencies is also found for the various silanes

measured in alkane solution. Generally, the Si-H stretching frequency would be

es.

1

3
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Ine Two 3ikyl Ircucs con ne surtace ST owhen using Me,llSY= whereas tne [T l°-

SiH Yikely result in anly cxvyzen linkages %o <ne surface Si. Tre sz e

b o “or polymeric material “rom thereactior of =0 with Z40SiH or (T35 2ccoras
«eil with the surtaces derivatized with these reagents. Zssentiallys ccmpiere
nyarolysis of the (EtO)3SiH is inferrec from “e very s@l signas far C-A stretching
absorptions (from EtO- groups) for A]ZO3 or S1‘O2 functicnalized with

(2t0),SiH. For Me,C1SiH the retention of the metnyl groups is directly

confirmed by the observation of a C-d stretching absorption at 2985 cn™ ' for

. . S I
<re Jerivatizecd surfaces; ﬂeZCTSvh sncws a C-d stretcn at 2265 o~ ' oin 207,
I £C).Sin sTrer 3Y-d

nc ne

(7]
.
i
-
m

5C

1%y

Jtien.  The vaiue of ... ., for Ve llSiH, O
Si-n z

cortaining materials is consistent with the retention o7 +he “wc metny?

Gl
3
O
<
39
wr

~nen usinc MeZC1SiH to functionalize the surface.

Spectral features attributabie to the -Co(CO)4 ars 3150 decendent 2n
the nature of the group bonded to the Co. The variation in the (o stretching
frequencies for (EtO)3SiCo(CO)4, Et3SiCo(CO)4, and Ph3S1'Co(CO)4 accord well
with the variation for(::};}1Co(CO)4 depending on whether HeZC1SiH vs.
C13SiH or (EtO)3SiH is used as the Si-H source. The two alkyl groups on the

Si release electron density (compared to three oxygen groups) such that the

9e-0 is moved to lower energy presumably reflecting greater w-back bonding %2 CC from

the more electron-rich Co. Thus, for both ;ESiH and -Co(CO)4 some molecular
level information can be deduced from the infrared spectroscopy. B8ut small
differences in band position should not be overinterpreted, since the bands are
relatively (compared to solutions) broad. Even for the same saﬁple, some

variation (+3 cm'l) in band maxima can be found from KBr pellet to KBr pellet.

A2

—_——

e =
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e ~ 1.
3y measuring the absor i witn {S)=SiH { ... . = 2250 cn ') anc
< q absorpance associated — Cocson 250 anc
1
S ST28{L0) 4 v ~n = 2025 cm ') for KBr pellets we have estimated the amcunt oF

contined to the oxide surfaces. Zesuits from various
Jreparation Srocequres using varicus sources of ~1,l, Iive qualitatively siTilar

5 - . R S . . P
results, Tacle II. Note that ;;S1H persists in every case; sorme o7 this

functionality may be either structurally or mechanisticaliy inaccessible tc the

-

CoZ(CO)g. The data for the high surface area {2CC mz/g) v=A1,C, Dellets, sample

2
=1 in Tai 11 P IO S ¢ § Dcio L Sciearenn
=1 in Table II, allow a calcuiation of average coverage of —3i¥ and :;31C0\90,4

assuming all of the surface area to be accessible. ‘e calculate an average

-1 2

coverage of ~1O'12 mole of ;ESiCo(CO)4 and ~3 x 10 mole of ;;SiH per cn- of

surface. Similar coverages are found for the high surface area (200 mz/g) $iC,,
N]o‘]o

sample =8 of Table II. Taking mo]/cm2 to be a monolayer, we find mono-

layer to sub-monolayer coverzage to be a typical result. The coverages from
infrared spectroscopy are very approximate, perhaps correct within a factor of A
three. There are many sources of error including the fact that absorptivities 1
for the Si-H stretch vary considerably, Table I, depending on the environment
around the Si and the medium in which the EESi-H is dispersed or dissolved. 3ut :

the qualitative finding of monolayer or sub-monoclayer coverage is in accord with

g — —

determinations of coverage of other functionality, albeit larger groups, using

hydrolytically unstable silane reagents.]slt is noteworthy that -OH absorption
in the infrared does not disappear upon functionalization of the oxide powders
with either (Et0)3SiH or the more reactive C13SiH. Some of the -OH after
derivatization could be due to -Si(H)(OH)Xfrom the hydrolysis of the (EtO)3SiH
or C13SiH. Further, it is unlikely that all -QH associated with the hydrated
oxides is accessible.

While it may be attractive to conclude that (EtO)3SiH or C1351H functionalize
the oxide with a uniform monolayer or less of EESiH, such is unlikely. The E
(Et0)3SiH and C13SiH can polymerize and such is known to occur when using
(R0)3SiR' or C13SiR‘ reagents for modifying chromatographic supports or electrode

mateﬁak]’ag Indeed, unless HZO can be completely removed the polymerization }

is probably unavoidable. Removing all of the H20 would also mean f

-
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crovizes sore ingirect 1nTormaticr concernirg Tre soisrerization, since

Ha (1844 i net cazacie 27 foeming fe2 nelymers. S

;rfaces Zerivatized with
‘e ~YTE - S~ .. . . .
@~CiSiH nave ar arount oF —3v-m, Zasec on infrired asscration, trat is

not qualitatively aifferent than that “rom Zerivatization with C1.SiK or
(EtO)3SiH. This likely means dolymerizaticn from C1,SiH or (E£t0),SiH {5 not
avzensive. [t least, we *ind tha%t <re2 ~asyl«s are consistert with ratrer

. N~ . . N
uniform, low coverage of ;:sx-d incependent of the source of :;31-4. nowever,

s . . . . - Ne.
as indicated above, the MeZS1-H is electronically different from the‘:;51-H
snere the three groups bonded to the ST are oxygen.

Another complication in tne attachment of -—Co(CO)4 to the oxide supports is

tnat CoZ(CO)8 reacts rapidly with Lewis bases to give redox products.17 For

>
A

example, we find that A1,0, reacts with Co,(C0), to give a bluish nowder. This
L <

J. has been first treated with

P
Pl
-

Sluish color also appears wren the %17
(E*O)3SiH to introducejE;SﬁH surface Iroups orior %o reaction witn 202(20)8.
we attribute the bluish color o Coz* on the surface; this was confirted by
reacting the CoZ(CC)8 treateaq 11233 ~ith aqueous 1 M HC1. The resulting pink
solution showed optical absorption spectral features identical to those for an
2+ 18

sample in aqueous 1 M HC1 X _ : 1250, 510, 463 sh nm. The

a iti
utneitic Co nax

CoZ(CO)a-treated A1203 shows no C—0 infrared stretches attributable to surface
confined metal carbonyls. We thus conclude that Coz(co)8 reacts with A]ZO3 to
yield a Co-oxide/hydroxide. Thus, Co-oxide formation appears as a side-reaction
accompanying the attachment of -—Co(CO)4 by reaction of Coz(co)8 with the
<::};>1H groups.

Elemental analyses for some of the A1203 sanples are included in Table II.
Non-derivatized samples show little or no detectable Co or Si and samples
derivatized with (EtO)3SiH but not with Coz(CO)8 show the presence of Si but

not Co, as expected. The comparison of the elemental analyses with the infrared

analyses is revealing. There is apparently far more Si present than can be accounted

NS~
for ty the —/S1H ard 751 CChy. Further, there is farmore Co present that can be
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accounted Tor by E}SiCo(CO)4. The infrared determined coverages of =SifoiZd',
are consistent [#20%) with the amounts of Et3SiCo(CC)4 that can be detected

in solution wnen «\5/37>1CO(C0)4 is irradiated in isooctane as a suspension in
the presence ot £+,SiH, vide infra. Thus, the excess Co from the analyses

must be due to the Co-oxide/hydroxide formed from the decomposition of CoZ(CO)8

. . . . . _ S~
i= the derivatization procedure. Though we ¢o nct have a check of 7S1H as we 40

for‘EESiCo(CO)4, it would seem that the error in % Si from infrared
detectab]e\E;SiH cannot be as large as would be necessary to account for the
% S1 from elemental analyses. We propose that decomposition of‘E5SiH
occurs, perhaps by acid-base reactions, to give silicate on the surface.

~—
~
that have not been treated with CoZ(CO)8 give more Si than can be detected

Reaction with COZ(CO)B could lead to decomposition of —SiH, but even surfaces

as‘:;SiH by infrared. A major conclusion from these results is that neither
e

elemental analyses or infrared alone can provide quantitative

information concerning the surface functionality present.

“rom gur studies, we conclude that the derivatized oxide particles nave a
large number of chemical functionalities present. The representaticn of a
derivatized alumina particle in Figure 2 seems justifiable in view of the
available infrared data and known reactions. Despite the large number of
chemical functionalities, light-activated reactions of the-%iCo(CO)4
can still be studied, owing to the facts that this group can absorb incident
1ight and reactions of this metal carbonyl fragment can be monitored in the
C-0 stretching region of the infrared without interference from other

N
groups. Photoexcitation of <:)i;§iCo(CO)4, though it is present in dilute




amounts, is analogous to cptical excitation of substances in solution at lcw
concentration, explciting one of tne key advantaces in gptical vs. thermal
activation of chemical systems. The aktsorpticn onset of <:>-—:fu0(::)4 is
expected to cccur in the near-uv, based on solution analogues, and

consequently, photochemical studies have been carried out using near-uv

(* > 300 nm) light.

5. rrotocnemistry of(::>—-SiCo(CO;a in the Presence of P(OPh) Irraaiation

of deoxygenated 3.0 m1l 1sooctane suspensions of 0.045 g of (::}—S1Co CO)4,
sample 23 in Table II, in the presence of 0.01 M P(OPh)3 yields

reacticns 2ccording to equation 3). Infrared analysis of the sucernatant
/‘\ \. near-uv \. -
/ isooctane

liquid shows no metal carbonyl species. The formation of Coz( 0‘6 P(C)Ph)3)2

would be pessible if Tight-induced cleavage of the Si-Co hond resulted follcwed

by substitution of the released Co(CO) radical by | (OPh3) to yield Co(CO)3

1a
’P(OPh)3 ~  Infrared

analysis of the powder after various irradiation times, Figure 3, shows the

) radicals that then couple to form Coz(CO)G(P(OPh)3)2.

dimunition of absorptions attr1butab1e to the (::)—-S1Co CO)4 and the growth
of features that are assigned to @—SxCo(CO 3(P OPh)3) Tab]e I. Thus, it
appears that CO can be photochemically ejected from <::}-51Co(60)4 and Si-Co

bond cleavage is apparently unimportant.

\
Irradiation of (::}7§1C0(C0)4 in isooctane solution containing no
deliterately added entering groups results in the dimunition of metal
carbonyi absorptions in the C-0 stretching region. An unidentifiabie

-1 as a shoulder at intermediate

absorption feature does grow in at 2073 cm
stages of reaction, but the surface would appear to be eventually denuded of

metal carbonyls by the near-uv irradiation. The isooctane supernatant

exhibits infrared absorptions at positions characteristic of C°4(C0)12’ Table I.

The yield of this species appears to be ~15%., Both these data and data for

i) - pmown @

R P S
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nhotochemistry in the oresence of P(OPh)3 parallal tre zhotzchemical gata for
12

Q3S1'CO(CC)i in soluticn.

¢. Photochemistry 057’53—-SiCo(CC)4 in the ?resence 5f Tt Sid,
—’ /

_nce
4
conditions wrere (2 fg zhotolabilized, irradiation of susrcenced <E:}— :

in the presence of Et3SiH results in the detachment of the -Co‘(CO)4 from thne

surface. For example, degassed, 3.0 ml isooctane solutions containing

0.045 g of(}i}—éiCo(CO)d, sample =3 of Table II, and 2.5 ! 2t SiH ,

under near-uv i#iaciation at 25°C yield EtBSiCo(CO)4 in the ‘

supernatant isooctane solution, Figure 4. Analysis of the irradiated powder 1
reveals the dimunition of absorptions due to metal cartonyl fragments, X
Figure 5. The only feature that grows is one at ~2250 cm'i attributable
to the regeneration of(::>—:§1H. Infrared analysis shows *hat

>80% of the surface-confineg -Co(CO)4 fragments can be detected as

Et3S1‘Co(CO)4 insolution. Swch data provide confirmation of the coverages of

surface-confined Co(CO)4 groups given in Table II. The photochemistry again
can be rationalized as resulting from photoinduced loss of CO as the primary

photoprocess according tc equations (3)-(7), paralleling the solution photo-

\ \
(9--—5}1(:0@0)4 S @—;iCo(CO)3 + €0 (4) '
H
\ :
(S)—sicolco)y + EtysiH — @—/Si—c:o(co)3 (5)

SiEt
. 3
\ A \ . ,
stca(co)y = @—71H + Et,8iCo(CO) (6)
Sitt,
££,51C0(C0) 5 + €0 ——— Et,51C0(C0), (7) ;
12 i

chemical behavior of R3SiCo(CO)4.

\ :
d. Photochemistry of <::}— :;‘.iCo(CO)4 Related to Alkene Catalysis. We have

T
previously reported that R3S1'C0(C0)4 is a photochemical precursor to 4
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citaiyticaily active species, = cesoite the fact that Si-Co r*onv‘ cleavage

~ A

13 nct the primary snotoprocess.  lear-uv srradiaticn of(!§>}—i1 L0y wva n

tscoctane soiutions of T-pentene leads to the seneration o7 C0,(l0,.. In

soluticr. Infrarec anaiysis of the irradiated powcer snows 103S oF SRS AV
groups and the growth of weak absorpticns in the C-H4 stretzhing reqgion tnas

\
could be due to{ S ;i(pentenyb. Photolysis of Et3SiCo(CO)A in the

prasence of l-pentene yields Et3Si(penteny1) as the only Si-containing
pr-oc:'uct.]2 The irradiated cowcer also shows consumption of C::}—Tfih
functionality. Apparently, the Si-H groups not originally reacted with
Coz(CO)8 can react with photore]eased Co-carbonyl fragments and sub;equent]v

with 1-pentene to yield <::}——S1 n-pentyl): that is, the resicual <::}-S1H

reacts with the Co-carbonyl/1-pentene to hydrosilate the 1-pentene. nhus,

\ \
reaction with alkene and(::)——-EiCo(6074/<::}—-j§iH can be induced pnoto-

chemically. However, there is no accumulation of catalysis oroducts in

solution. Even alkene isomerization activity (1-pentere — Zis- or <4rans-

2-pentene) is nil.
\
Irradiation of (::)——SiCo(CO) in the presence of 1/1 mixtures of
1- oentenP/Et SiH does resulu in fatalj+1c chemistry. For example, near-uv 1

irradiation of 0.045 g of @—smo!c0)4, sample =3 in Table II,

in the presence of 0.39 M Et3S1H/O.39 M Tl-pentene in isooctane rapidly
yields infrared detectable metal carbonyls in the supernatant solution.
Initially, Et3S1’Co(CO)4 is formed, and

{rradiation also yields infrared absorptions in the

T and 1966 cm”! (sh) that have been previously

12,15

supernatant at 1960 cm
observed, but not unambiguously assigned, in solutions initiaily
containing Coz(C0)8/1-pentene/Et3SiH. Gas chromatographic analysis of the
solution after 48 min of irradiation shows the following composition (% based
on initial 1-pentene concentration): n-pentane (4.2); l-pentene (1.3);
trans-2-pentene (46.3); cis-2-pentene (15.5); (g—pentyl)SiEt3 (32.7). Thus,

photocatalysis is effected, equation (8). On the timescale of this experiment
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j) LolLy 4

i-pentene + Et.Si n-pentan cis-2-0entene,
i-pentene ct351H SEaTTuv n-pentanre, ci
t

rans-Z-nentene,

[

(n-pentyl}Sict, ey

there is no thermal catalysis. Further, A]203, A1203 treated only with
Coz(co)g, or A1203 treated only with (EtO)3SiH gives neither thennai or
photoinduced catalysis under the same conditions. Thus, the (g:}—zfiCo(COf;
would appear to be a photochemical precursor to catalysis. In view of the
photogeneration of Et,SiCo(C0), from (::}-—}iCo(CO)4, equations (4)-{7),
in the presence of EtBSiH or in the presence of Et3SiH/T-pentene, catalysis
should result if for no other reason than Et3S'iCo(CO)4 yields catalysis
when irradiated in the EtBSiH/l-pentene mixture.12
Irradiation of <::}—-}iCo(CO)4 in the presence of neat 1/}
Et3SiH/1-pentene results in catalytic chemistry. Data for a typical
photocatalysis run are included in Table III. No dark reaction occurs on the
timescale of this experiment. Infrared analysis of the <::}-;51C0(CO)4
shows >95% loss of -Co(C0), from the Al,C5 surface at ~30 min irradiation
time. Analysis of the solution shows the growth of the absorptions at
~1960 <:m'1 found in thermal reactions of CoZ(CO)8 with Et3S1'H/1-pentene]5
and photoreactions of Et3S1‘Co(C0)4 with Et3S1'H/1-pentene.12 At longer
irradiation times infrared bands for Et3S1'Co(CO)4 become apparent and the
1960 cm'] feature intensifies somewhat. After 375 min, there are no detectable
Co-carbonyl fragments on the surface of the A1203. The mol % of Si-H in the
A1203 decreases during the irradiation, likely reflacting the
generation of(::>-—éi(ﬂ-penty1).
The main conclué@on regarding catalysis from the irradiations of
(::)—%iCo(CO)4 in the presence of Et3SiH/1-pentene is that the bulk of the
catalysis occurs from the photoreleased Co-carbonyl fragments. For example,

in the particular run detailed in Table IIl, most (>95%) of the Co-carbony!l is

in homogeneous solution after the ~30 min irradiaticn time. To provide
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i1zvzignal confirmation oF <03 corciusion, 3.075% 1 of (3 Mm%t 12
‘\// -
sample =3 in Taple {1, was irriciazad in ! ~1 of neat £i,SiH '1
2 ]
A3l 30¢ (80 min irraciation) of tre -06I00Y . uas nresent ir solutisn as
IT.27I20030 . Tha suzzenitant wiDo2iluted wits l-zentene o sring tre
3 4 = :
£:,5i4/1-pentene <0 2 1/1 "ole ratio. Irradiation of the ft351C0\vO;4/Et Sid/
-

1-pentene gave photocatalvtic action with a rate and product dis:ribution

very similar to that wren the (E:}—-gi—-H/Q:::}——éi-Co(CGﬁi cnase was not
removed. The catalytic preducts and éheir initiai/ratios accord well with
previous findings in this laboratcry from thermal catalysis using Coz(CO)8

12 Thus, we firmly conclude that

or photocatalysis using Et351Co(CO)d.
N

photocatalytic action from (::}-—SiCo(CO)4 results from reactive Co-carbonyl
/

fragments released into homogeneous solution. The active species appears

to be the same as that involved in CoZ(CO)8 or £t,5iCo(C0j, cataiysis.

2. PShotocatalvsis Results Under Yariable Conditions. Photocataiysis of

:t3S1H/1 pentene mixtures nas deen carried out using various preparations
<::}-—51Co ”0)1 and under variable conditions. Table [V details results
for var1cus oreparations of <::}-—S1Co Cu/4 where the majcr variable would

appear to be the amount of -Co(CO)A actually added when (.045 g/m] of

<::>-—-S1C0(CO)4 is added to the mixture. Note that the irradiation source
(355 + 20 m, 2 x 10 -6 ein/min) for the experiments summarized in Table IV
has lower intensity than for the Pyrex filtered 450 W Hg-arc used for the
experimerts symmarized in Table III. Accordingly, the reaction times are
Tonger. Variations in the activity of the (::}-;§iCo(C0)4 system crudely
parallel the expectations for rate of release of -Co(C0)4. Higher coverages
and large surface areas provide for a higher rate of appearance of active
material in solution. A1l of the catalyst precursors yield the same
Si-containing product, namely Et3Si(gfpenty1) and rather small amounts of
n-pentane. In cases where there is significant dark reaction at 25°C on

the 69 h timescale we also find very rapid photocatalytic action. The thermal

activity in the dark is attributable to a slow thermal process again involiving




T08S 3T J2 a3 tne rtate (Cmiging step. However, unger 3ii concitiors tne

LTant-activates atail3ts oroceeas rore rapialv even at tre icw iight

fu

TrTangtty  Tav o Tre 2ty ortven fn Table 117 wirare the 187 {1 Ha-3rc source
433 .52Q, tre dars trecmalocontrols show 1i0lt: ar no reaction on the
timescale of the experiments summarized.

Table IIl includes data for reactions carried out in neat 1/1
Zt;S1H/1-pentene mixtures exposed to 4, or szco mivtures. Tre data show tat
the product distribution under 4 psig H2 shifts markedly to nigher yields
of n-pentane. However, irradiation of (::}-S1Co CO) in the presence of
neat l-pentane and 4 psig HZ yields little isomerization or hydrogenation.
These results are consistent with our previous findings for photoactivation
of alkene catalysis using Co-carbonyl species: H2 as an oxidative addition
substrate to Create hydrides for isomerization or reduction does not seem
to be effective.20 The HZ/CO atmosphere suppresses the rate of catalysis
even at the 4 psig CO oressure used. The resulting product mixture contains
no detectable hydroformylation products. The suppression of catalysis is
associated with the capture of coordinatively unsaturated sites by the CO.
The effects of Hy and H2/CO parallel those found earlier for
photocatalysis of alkene reactions using Co-carbonyl species.n’20

The ability to functionalize <::}—;§1C0(C0)4 by photosubstitution affords
an opportunity to examine the photocatalytic activity of

\ \
<::}-SiCo(CO) (P(OPh) ). Irradiation of <::}-SiCo(CO)4 in the presence of

P(0Ph) fo11owed by decanting and washing yields a mixture of
<::}-S1C0(CO) (P(0Ph) 4 and(::)—-S1Co(CO Use of this mixture as a
catalyst precursor compared to pure(::)----smo(co)4 under the same
conditions yields an important difference in the catalytic products, Table V.
The formation of at least two isomers of Et3Si(penteny1) accompanies the
usual distribution of products. Such products have previously been found

from the thermal and photocatalyzed reactiaon

of Et3SiH/1-pentene mixtures using Fe(CO)szx‘22

NP A
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ing M30ilt.. 1= Tal 2 3577 lnother aifference To tre Sroculs
zssTritution is tne lower initial trans,cis ratic of <re I-cernteare
tsomers compared to the cataiyst naving no 57 IPnhj. Cresent. Inaissis

\ \
cf the {E:}-?1C0(CC)4/<::>—-;iCo(CO)3(P{3Ph)1) cowaer snows 10ss of

2o-carbonyl speciess again indicating that the cataiys’s occurs via pnoto-
~27e3sed lo-cardonyi fragments. The very different 2roguct ratio with the
2 ZDHﬁB complex indicates that the actual catzlyst is different than that for
CE:}-:§1C0(CO)4. It is attractive to concluce that CO loss is again the

/
Srimary ohotoreaction leaving P(OPh)3 in the coordination sphere to influence
2roduct ratios by steric and electronic effects. The catalytic activity
apcears to be somewhat lower than for the unsubstituted <::}-}iCo(CO)4.
“nis is very iikely due to lower quantum yields €for the primary process

A5 mA
e -\

—

0s3 Trom the P(OPh)3 complex.

N
—

-~ . ~ . Y e - N \... ooy . B - RPN
Comparison of Catalytic Activity of S —5iCe{ll, . with uO,\uC)s.

. AN
Photoexcitation of@j€>f;SiCo(CO)4 in the presence of l-centene/HSiEt,

mixtures apparently yields the same catalyst species that results from the 4

12

irradiation of Et3STCo(CO)4. Further, we have previously concluded that

the irradiation of Et3S1'Co(CO)4 leads to the active species formed

thermally from Coz(CO)B.]Z’]5 Thus, comparison of the catalytic activity
of CoZ(CO)8 and Et3SiCo(CO)4 is appropriate. We have examined the initial
thermal activity of CoZ(CO)8 at 20°C for isomerization and hydrosilation

of 1-pentene under the same conditions where we can photoactivate the
(E:}iSiCo(CO)4 system. Data in Table VI are representative of the activity
of the two different precursor systems. 1In both systems the isomerization
products are formed at a faster rate than the hydrosilation products and it
would appear that the rate of formation of hydrosilation products declines
as the l-pentene is converted to the 2-pentenes. This is reasonable, since

it is likely that the hydrosilation of 1-pentene is more rapid than the same
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~eaction of the internal isamers. The interesting “incing is that the
chetoactivated system is in fact quite similar in turncver rate to the
COZ(CO}S thermal system. Further, since the observed rate of procuct formaticn
cdepends on excitation rate (light intensity) the turnover rate for the photo-
activated system could be even higher at higher light intensity. In both
systems it would appear that the isomerization turnover number is similar;

e = rg Tman the numoer of product molecules formed is generally
limited by substrate concentration not catalyst lifetime. For hydrosilation,
we have already demonstrated that illumination of EtESiCo(CO)4 allows more
turnovers for (ﬂ-penty1)SiEt3 formation, since the Coz(CO)8 thermal system
ultimately ceases activity due to formation of Et3S1'Co(CO)4 that is not
thermally active.

Irradiation of scecies such as R3SiCo(CO) does result in nersistent

b
@

thermal activity in the dark at 20°C. However, tne activity is r2latively

tow and short-lived. For example, a flash excitaticn of PhESiCo(CO)4 leads
to -50% dark isomerization of 1 M l-pentene in the presence of 1 M HSiEt,
during a 4 h period. Continuous irradiation leads to nearly complete
equilibration of the linear pentenes under the same conditions in <4 h.
Thus, considerable activity can persist in the dark, but irradiation |

accelerates the catalytic rate even further.




-21-

Summary
The zara icequataiv 22morstriate trat -L0 LT, Incnores 9 dxtge survtacas
\
< - LY - - . - -~ . .
V13 reacticn 37 _Ca.-.Jsa w3IN \)j——)]ﬂ exXnIZTITS CnoTecramisiry that
[ 2 J

parallels that for solution R3S‘IC0(CO)4 analogues. The phctoinauced 10sS
¢t 20 is the orincipal result of ohotoexcitation of eitner R3SiCoxCC)A in
so]ution"2 or <§:}—{>iCo(C3)d suspenced in solutions. In neither case I¢
«e find eviagence for prompt scission of the Co-Si bond, but in each case
reaction with R3SiH or alkenes leads to chemically efficient loss of the
original Co-Si bond. For (S >SiCo(CO)4 this means that the Co-carosony]
species does not remain anchored to the surface. Thus, with this system we
have not achieved the capability of "matrix isolating” photogenerated,
coordinativelv unsaturated intermediates. However, the <::}-7;iCc{Z?F4
system as a catalyst precursor is easily handled and s iess sensizive tC

than is the soluticn speciesEt3SiCc(CO),. The concept of releasing 2 catalss:
ohotochemicaily at 3 rate controlled by light intensity is one that cculc

te exploited. in principle, in catalytic reactions.
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~able I. Infrarec 3cectra of Surface-Confinea 3cecies znz ~gle.ant

Srecies for Comparison.

Species Med1ium Xey IR 3angls), o s or rel. abs.;°
(£10)45iCo(C0) 4 2 heptane 2105(0.29), 2C4G(3.31}, 2025(0.26), 2016(1.50"
ot s 1C0(CO zycichexane 2089(2740), 2C26(4390), 1995{3530;,
1992sh {30C0)
Ph3S1'Co(CO)4 cyclohexane 2093(3250), 2032/3720), 2003(7700}
®rP 2092(5.5)°, 2030(5.5)°, 1990(7.4,7.7)°
Ph,S1C0(C0) 5(P(OPh) 5)° cyclohexane  2049(0.11), 1980(0.32), 1973(1.00)
££,51C0(C0) 5(P(OPh) )" hexane 2035(0.35), 1963(0.98), 1963(1.00)
’EtO)3SiCo(CO)3(P(OPh)3)C isooctane 1587(1.00), 1974(0.78)
Co4 o), 12 cyclohexane 2062(12550), 2053(14,000), 2037(930), }
2025(1550), 2020sh(930), 1864(4890) H
PhaSi—H cyclohexane 2128(204) K
iscoctane 2126(212) ¥
BrP 2118( 107
(Eto)xsi-H isooctane 2196(139) .
neat 2195(--)
Et,Si—H jsooctane 2100( 149) ’
C1,Si—H hepntane 2250 (-=)
MeZCISi-—H isooctane 2165(223)
[0351'-H]n neat 2246
(from (Et0) ;S iH+H,0) Nujol mull 2253
KBr 2256
(0551-H],
from C1,SiH + H 0) Nujol mull 2252
(::>..51..H (from (Et0),SiH)  Br
= A1,0, 2257 (M,0 added); 2239(dry) .
GD = §i0, 2248 (dry) |
\ J
@-;iCo( C0) 4 from (EtQ,SiH  «Br ]
® = A1,0,(dry) 2109(0.27), 2051(0.58), 2023(1.00)
® = A1,0,4(H,0 added) 2111(0.40), 2054(0.66), 2024(1.00) i
O = sio, 2108(0.29), 2048(0.51), 2020(1.00) :




Tahie 1. ‘cantinueq:
Soecies Hediun ey 1< 2ancis .. :ﬁ-7 .or rca’, ats, E
\
S ;ito(ca},:?(:ph),) KBr
OF AT504 2060(0.21), 1865{1.50). 1985(0.51}
SHELT 2055C.10), 13371700, 183372358,
S %i-d from HSiCiS) 3r
= AT,0, 2263(H,0 acded,: 2257!dry!
(35ico(ca), (from Hsicly)  <ar
D=A1,0, 2114(0.30), 2054(9.48), 2025(1.20}
{5 SiMeZ-H { from He251SiH) L3r
3= A1203 , 2134
OE 510, 2148
(}SiMeZCo( o),
(from Me2C1S€H) X3r
S = $10, 2100(0.25), 2039(0.48), 2009(1.cC°

aGenerated__i_g situ o

<

reaction of CoZ(CO)8 with (EtO)SSiH in neptane.

ues in parentheses are for "model" complexes in KBr
relative to the 2112 cm™! Si-H stretch in PhaSiH. 0.0, was determined <o e
proportional to concentration in K3r; cf. Experimental. These
absorptivities are absolute and allow the coverage calculations for
;;STCO(CO)4 and E;SiH assuming similar absorptivities for the various
bands, Table II.

CGenerated in situ by 355 nm irradiation of appropriate R3S1'C0(C0)4 in the
presence of 0.01 M P(OPh)3; cf. ref. 12.

dVaIues in parentheses are relative absorbance {relative to most intense
band for the substance = 1.00), extinction coefficient in solutions, or

-

bUnderh’ned vai

8]

quantitative absorbance relative to Ph3SiH, cf. Experimental and note b
above.
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Figure Captions

Figure 1. Infrared spectral changes iccompanving <ne sroaressive zerivatization
of a naked alumina surface. Curve A refers to <ne surfice Zefare reac<ion:
curve 3 after reaction with HSi(ﬂEt)3; curve 7 after reaciion with

HSi(OEt)3 and subsequently COZ(C0)8' Note that left scale is “cr 4 ana 8

and right scale is for C.

Figure 2. Representation of A1203'xH20 at various stages in the deri-
vatization to confine Co(CO)4 to the surface.

Figure 3. Infrared spectral changes during the irradiation of a derivatized
alumina surface in the presence of P(OPh)3. The only C0-containing oroduct
is =S$1C0(C0)4(P(0Ph) 5, 1995 vs, 1985 vs.

Vd

Figure 4. Infrared spectral changes in solution during the irradiation of
<§:kj;iCo(CO)4, (g) = A1203 in the prasence of HSiEt3. The only detectable
photoproduct in solution is Et3SiCo(CO)4, 2027. 1996, 1991 sh cm ..

Figure 5. Infrareq spectral changes of a derivatized 51203 surface
accompanying irradiation in the presence of HSiEt3§ -;SiCo(CO)4 (2110, 2050,
2020 cm'1) is removed from the surface while the —SiH concentration

(2250 e ') increases. d

Figure 6. Infrared spectral changes in solution during the irradiation of

a derivatized alumina surface in the presence of 1-pentene/HSiEt3. The
solution products are the same as those observed when homogeneous Et3SiCo(CO)4
(photochemical) or Coz(CO)8 (thermal) is used as the cobalt source. The bands
at 2025, 1995, 1991 sh are due to Et3SiCo(CO)4.
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